INTRODUCTION
The enzyme NADPH:protochlorophyllide oxidoreductase (POR; EC 1.6.99.1) catalyzes the only known light-requiring step in chlorophyll biosynthesis of higher plants (Griffiths, 1975 (Griffiths, , 1978 Apel et al., 1980) . The POR enzyme is highly active in etiolated plants (Mapleston and Griffiths, 1980; Santel and Apel, 1981) . Surprisingly, upon illumination, a dramatic decline in POR protein and activity is induced (Mapleston and Griffiths, 1980; Santel and Apel, 1981; Forreiter et al., 1990) . Despite this decrease, it has been calculated that sufficient amounts of active enzyme persist to account for the newly formed chlorophyll in green plants (Griffiths, 1978; Griffiths et al., 1985) .
These results had been taken previously as evidence that the POR enzyme present abundantly in dark-grown seedlings was also the only enzyme in green plants to catalyze the reduction of protochlorophyllide (Pchlide) to chlorophyllide (Chlide) (Mapleston and Griffiths, 1980; Griffiths et al., 1985; Franck and Strzalka, 1992) . However, a second Pchlide-reducing enzyme, termed PORB, has recently been discovered whose expression, in contrast with that of the PORA enzyme studied thus far, is not negatively regulated by light (Holtorf et al., 1995) . Thisfinding suggested to us that the PORB enzyme also might be responsible for chlorophyll synthesis in green plants, whereas the function of PORA could be confined to the early To whom correspondence should be addressed.
stage of the light-induced greening of etiolated seedlings. Although this proposal is in close agreement with the differential effects of light on PORA and PORB proteins and their mRNAs, it does not preclude a continuous presence and activity of PORA in green plants, albeit at a reduced level.
In this study, we analyzed the fate of the PORA protein during illumination of etiolated barley seedlings and in fully green plants. The results of our study reveal the operation of a nove1 light-dependent regulatory circuit that leads to the selective disappearance of PORA in greening plants. They also highlight the importance of the constitutively expressed second Pchlidereducing enzyme, PORB, in maintaining chlorophyll(ide) synthesis in light-adapted plants.
RESULTS
The Light-Dependent Reduction of the lntraplastidic Pchlide Leve1 and Its lmpact on the lmport of the Precursor of PORA into lsolated Barley Plastids Dark-grown barley seedlings were exposed to continuous white light for various lengths of time. lntact plastids were isolated from primary leaves of these seedlings and added to PORA precursor (pPORA) molecules synthesized by coupled in vitro transcription/translation of the cDNA clone A7 (see Methods). The import of pPORA was determined in the absence or presence of exogenously added Pchlide. As shown in Figure 1 , etioplasts from dark-grown plants and etiochloroplasts from seedlings that had been illuminated for 30 min to 2 hr imported and processed pPORA when incubated without exogenously added Pchlide. Under these conditions, the endogenous level of Pchlide (data not shown) was sufficient for the translocation of the pPORA. In contrast, no uptake of the precursor was detectable with etiochloroplasts isolated from seedlings illuminated for 8 hr: the concentration of the added pPORA in the supernatant fraction of the assay mixture remained constant, and no mature PORA appeared inside the proteasetreated plastids during the incubation (Figure 1 ). Due to the absence of spectroscopically detectable levels of Pchlide (data not shown), the plastids were translocation incompetent. The addition of exogenous Pchlide restored the transport competence of these plastids for pPORA, however. As shown previously, a small part of the exogenously applied Pchlide was likely to be internalized by the plastids and in turn trigger the translocation of pPORA (Reinbothe et al., 1995a) .
A second approach was chosen to exclude the possibility that the loss of import of pPORA during the light-induced transformation of etioplasts into chloroplasts reflects a general Etioplasts (0) and etiochloroplasts were prepared from dark-grown barley seedlings and seedlings that had been illuminated for 0.5, 2, and 8 hr, respectively. The various plastids were added to the 35 S-methionine-labeled pPORA synthesized by coupled in vitro transcription/ translation of clone A7 and incubated in the dark for 15 min without or with isolated Pchlide (15 ^iM final concentration).
35
S-methioninelabeled pPORA molecules that had not been sequestered by the plastids and thus remained in the supernatant after centrifugation of the incubation mixtures were precipitated with trichloroacetic acid (see Methods), separated electrophoretically, and detected by autoradiography (top). Similarly, the mature radiolabeled PORA was recovered from thermolysin-treated intact plastids by sonication and precipitation with trichloroacetic acid and was run in a separate denaturing polyacrylamide gradient and detected by autoradiography (bottom). Only the relevant parts of the autoradiograms, exposed for an identical period, are shown. Lanes b and c show the levels of the 44-kD pPORA and 36-kD PORA at the end of the incubation without or with Pchlide, respectively, as compared with their levels before incubation (lane a). developmental regulation of the plastid import apparatus. Chloroplasts were isolated from barley wild-type or tigrina o 34 mutant seedlings and used for import studies, tigrina mutants have previously been shown to be defective in the regulation of chlorophyll biosynthesis (Gough and Kannangara, 1979; Casadoro et al., 1983) . Whereas the synthesis of 8-aminolevulinic acid (ALA) is shut off in etiolated wild-type seedlings after Pchlide has reached a critical level, in the tigrina mutant this control mechanism does not operate. In mutants kept under continuous illumination, the Pchlide is immediately photoreduced, and chloroplast development proceeds normally as in wild-type seedlings. In dark-grown mutant seedlings, however, photoreduction of Pchlide is no longer possible, and thus excessive amounts of Pchlide start to accumulate. The Pchlide content of mature chloroplasts therefore can be manipulated in a nondestructive way simply by transferring light-grown mutant seedlings into the dark. Chloroplasts were isolated from light-grown tigrina o 34 seedlings and mutant seedlings that had been transferred into darkness for 14 hr before harvest. As a control, plastids were isolated from identically treated wild-type seedlings. The different plastid samples were then added to the radioactively labeled pPORA, and the import reaction was performed in either the absence or presence of exogenously added Pchlide, as described previously. Figure 2 demonstrates that only chloroplasts isolated from tigrina o 34 seedlings that had been transferred into darkness efficiently imported pPORA in the absence of additional Pchlide. After a 15-min incubation, 60% of the precursor protein appeared in the mature, proteaseresistant form inside the chloroplasts. In contrast, chloroplasts of darkened wild-type seedlings were unable to sequester pPORA when incubated in the absence of added Pchlide (Figure 2) . However, their transport competence for pPORA could be restored by exogenously administered Pchlide (Figure 2) . Similarly, exogenous Pchlide induced the import of pPORA into chloroplasts isolated from either light-grown tigrina o 34 or wild-type seedlings (Figure 2 ).
The Light-Dependent Control of PORA Degradation
When etiolated barley seedlings are exposed to light, both the decline of porA mRNA (Apel, 1981; Batschauer and Apel, 1984; Mosinger et al., 1985; Holtorf et al., 1995) and the reduction of Pchlide concentration (Sundqvist, 1974; Griffiths et al., 1985) , which impairs the uptake of the precursor enzyme into the plastids (Reinbotheetal., 1995a (Reinbotheetal., , 1995b , should lead to a drastic reduction in the amount of the mature PORA in the developing chloroplasts. However, small amounts of PORA might persist and could remain active in the greening plants if the enzyme protein were not proteolytically degraded. We therefore investigated the stability of the PORA during the lightinduced greening of etiolated barley seedlings.
Chloroplasts were isolated from light-grown barley seedlings; similarly, etioplasts and etiochloroplasts were prepared from dark-grown seedlings and seedlings that had been illuminated for 30 min, respectively. Parts of each of the various plastid samples were then incubated in the dark with ALA to induce intraplastidic Pchlide accumulation. Another aliquot of the plastid suspensions was incubated with phosphate buffer alone instead of with ALA. The in vitro-synthesized pPORA was then added to the various plastids and incubated in the dark to allow the uptake and processing of the precursor protein. Subsequently, the plastids were sedimented by centrifugation. After resuspension in the import buffer, each of the various plastid samples was divided into two equal parts, of which one was kept in the dark and one was exposed to light.
As shown in Figure 3 , the radioactively labeled pPORA was imported into chloroplasts only if the organelles contained the exogenous ALA-derived Pchlide. Chloroplasts lacking spectroscopically detectable levels of Pchlide were not able to sequester the precursor protein. After import, the processed, mature PORA was lost rapidly during a subsequent light incubation ( Figure 3 ). In contrast, the level of the 36-kD PORA remained constant in the dark (Figure 3) , suggesting that the imported enzyme had bound its two substrates, Pchlide and NADPH, but did not convert the pigment into Chlide. In the light, however, PORA-Chlide complexes were produced and in turn underwent proteolytic degradation.
In these experiments, one could not distinguish an effect of light on POR-driven catalysis from one on preexisting proteases that might have been activated and in turn degraded the imported PORA in the developing chloroplasts. We therefore investigated the postimport stability of the PORA in etioplasts prepared from dark-grown seedlings. We expected that, in the case of light-activated or light-induced proteases, the degradation of the PORA-Chlide complex would be delayed or even impossible in the illuminated etioplasts, whereas in the case of constitutively active plastid proteases, any newly formed PORA-product complex would immediately be turned over.
As shown in Figure 3 , etioplasts and etiochloroplasts from seedlings illuminated for 30 min sequestered pPORA in the absence of additional Pchlide produced by ALA feeding, confirming previous results (cf. Figure 1) . In the etioplasts, the imported and processed PORA remained stable both in the +ALA (D) Etioplasts (EP), etiochloroplasts (ECP), and chloroplasts (CP) were isolated from dark-grown barley seedlings, seedlings that had been exposed to light for 30 min, and light-grown seedlings, respectively, and incubated with or without ALA, as described in Methods. The different plastid samples were then incubated in the dark with the in vitro-synthesized pPORA, as specified in Figure 1 After the import reaction, the various plastids were sedimented by centrifugation and resuspended in the import buffer (see Methods). Subsequently, each of the different plastid samples was divided into two equal parts. One half was kept in the dark; the other half was exposed to light. The autoradiograms show the levels of the mature PORA in the ALA-pretreated (+) or nontreated (-) plastids after 0 (lanes 1), 2 (lanes 2), 5 (lanes 3), 10 (lanes 4). and 15 min (lanes 5) of postimport incubation in the dark (D) or in the light (L).
dark and in the light, independent of whether the organelles had been pretreated with or without ALA. However, in etiochloroplasts prepared from seedlings that had been illuminated for 30 min, a gradual reduction in the level of imported PORA was observed in the light. Although these results suggested very strongly that the PORA-degrading protease was not active in the etioplasts but was either induced or activated during the initial phase of the light-dependent greening of etiolated seedlings, they did not exclude another explanation. PORA could have accumulated in a protease-resistant form within the prolamellar bodies of etioplasts (Dehesh and Ryberg, 1985) . Because these structures start to disintegrate during illumination, a change in the accessibility to proteolytic attack then would have accounted for the observed loss of the PORA protein in the chloroplasts. Subsequent control experiments, however, did not support this explanation.
Etiolated barley seedlings were exposed to light for various times, their plastids were isolated, and protease activity contained in the different stromal fractions was determined with the soluble PORA-Chlide complex as the substrate. Figure  4 shows that only plastids isolated from seedlings exposed to light for periods longer than 0.5 hr contained maximal PORdegrading protease activity. With the stromal fraction from etiochloroplasts, which were isolated from seedlings exposed to light for 30 min, only a slight decline in the level of pPORA could be observed. In contrast, no POR-degrading protease activity could be detected in the stromal extract prepared from etioplasts ( Figure 4 ).
Constitutive Import of pPORB into Isolated Plastids
Because massive chlorophyll accumulation starts after the breakdown of PORA has been completed, there must be another Pchlide-reducing enzyme that drives chlorophyll synthesis in illuminated plants. Such an enzyme, termed PORB, was recently discovered (Holtorf et al., 1995) . However, PORB Barley plastids were isolated from seedlings grown in the dark (0) or exposed to light for 0.5, 2, and 8 hr, respectively. pPORA-Chlide complexes were produced as described in Methods and added to the various plastid stroma samples. The autoradiogram shows the level of pPORA before (a) and after a 7.5 min (b) or 15 min (c) incubation with the different stromal fractions. Etioplasts and chloroplasts were prepared from dark-grown and lightgrown barley seedlings, respectively, and incubated with pPORB synthesized by coupled in vitro transcription/translation of clone L2 (see Methods), as described in Figure 1 . The autoradiograms show time courses of the levels of pPORB and PORB during the incubation with etioplasts and chloroplasts in the dark.
could accomplish its presumed function in chlorophyll synthesis only if the cytosolic precursor protein, which is synthesized from the constitutively expressed porB mRNA (Holtorf et al., 1995) , were imported continuously into the plastids. Its translocation should not depend on Pchlide.
To test this hypothesis, etioplasts and chloroplasts were prepared from dark-and light-grown barley seedlings, respectively, and incubated with pPORB synthesized by coupled in vitro transcription/translation of the cDNA clone L2 (see Methods). As shown in Figure 5 , etioplasts and chloroplasts imported and processed pPORB at similar rates, suggesting that they translocated pPORB irrespective of the presence or absence of Pchlide.
porB mRNA undergoes a diurnal fluctuation in seedlings grown under a 12-hr-light/12-hr-dark regime (Holtorf et al., 1995) . However, the level of PORB protein has been shown to remain fairly constant under these conditions (Holtorf et al., 1995) . These findings suggested to us that changes in porB mRNA abundance might be counteracted by changes in the stability of the imported, mature PORB. We therefore examined the postimport stability of PORB. Half of the etioplast and chloroplast samples containing the radioactively labeled PORB were exposed to light after the import reaction, whereas the other halves were kept in complete darkness. As demonstrated in Figure 6 , illumination caused the rapid degradation of PORB in the chloroplasts but did not affect the level of the imported enzyme in the etioplasts. In both plastid types, the imported PORB remained stable in the dark (Figure 6 ).
To prove that the differences in PORB stability in the chloroplasts were caused by substrate binding in the dark and product formation in the light, pPORB-pigment complexes were reconstituted in vitro and tested for their stabilities against stromal proteases prepared from isolated chloroplasts. Whereas the concentration of the pPORB-Pchlide ( Figure 7B ) and pPORB-Pchlide-NADPH ( Figure 7C ) complexes did not change during the incubation, the naked pPORB polypeptide Recently, a novel import mechanism was discovered by which pPORA is taken up and processed to mature size by isolated plastids only in the presence of its substrate, Pchlide (Reinbothe et al., 1995a (Reinbothe et al., , 1995b . In this study, the endogenous level of Pchlide in etioplasts was sufficient for the translocation of pPORA, whereas during the light-induced transformation of etioplasts into chloroplasts, the Pchlide concentration declined drastically to a level that would not allow the further import of the PORA precursor enzyme. Etiochloroplasts isolated from seedlings illuminated for 8 hr or chloroplasts from light-grown plants were not able to import pPORA. Only when their endogenous Pchlide concentration was raised experimentally, either by internalizing exogenously added Pchlide or by feeding ALA in the dark to the isolated plastids, could their import competence be restored. Similarly, chloroplasts of darkened tigrina o 34 mutant seedlings accumulated excess Pchlide and imported pPORA.
In etioplasts, only part of the Pchlide is attached to the POR protein and thus is photoactive, whereas the remaining Pchlide is present in a nonphotoactive, unbound form. Both forms of Pchlide can be distinguished by their fluorescence properties (Ryberg and Sundqvist, 1991) . Because large amounts of porA mRNA accumulate in etiolated seedlings and should lead to the massive synthesis of pPORA, one might expect that all . Postimport Stability of PORB pPORB was imported into etioplasts and chloroplasts in the dark, as described in Figure 5 . After the import reaction, the stability of the mature PORB was determined as described in Figure 3 . The autoradiograms show the level of PORB in the etioplasts and chloroplasts during the indicated time periods of the postimport incubation in the dark (D) or in the light (L). 
S-methionine-labeled pPORB synthesized in vitro was incubated without (A) or with Pchlide (B) or Pchlide plus NADPH ([C] and [D])
in the dark for 15min. Thereafter, the reaction mixtures were subjected to gel filtration (see Methods). Half of the incubation mixture containing the ternary pPORB-Pchlide-NADPH complex was exposed to light to cause enzymatic Chlide formation, and half was kept in the dark. A stromal protein extract prepared from lysed barley chloroplasts was added, and the assays were incubated in the dark tor the indicated time periods. The autoradiograms show the levels of pPORB that remained in the following assays after protease treatment. of the Pchlide present in etioplasts would be associated with the PORA enzyme protein. Such an expectation is based on the assumption that there is only one uniform pool of nonbound Pchlide ready to interact with PORA. However, several lines of evidence suggest that such a view is too simple. First, in addition to the two major forms of Pchlide (see above), minor spectroscopic forms of Pchlide have been described whose biological functions are not known (Ryberg and Sundqvist, 1991) . Furthermore, Pchlide also can be present in either the monovinyl or divinyl forms, as Pchlide a or Pchlide b, and each of these pigments may be esterified or non-esterified. Finally, Pchlide and its derivatives have been detected in various plastid compartments, such as prolamellar bodies, stroma, prothylakoids, and plastid envelopes (e.g., Ryberg and Sundqvist, 1991) . It is as yet undetermined whether members of these different Pchlide pools are freely exchangeable and which Pchlide species is able to interact with pPORA. We suspect that only the Pchlide synthesized in the plastid envelope (Joyard et al., 1990 (Joyard et al., , 1991 is involved in pPORA transport. However, additional work is needed to substantiate this proposal.
The Light-lnduced Breakdown of PORA
Because the uptake of pPORA requires Pchlide, it is likely that both the precursor and mature forms of the enzyme are able to interact with the pigment. This interpretation agrees well with the observed protection of the pPORA-Pchlide and pPORA-Pchlide8-NADPH complexes but not of the naked pPORA against proteolytic attack in vitro and the stability of the imported and processed PORA in the dark in chloroplasts containing the exogenous ALAderived Pchlide (this study). When such chloroplasts were shifted to the light, the imported radiolabeled PORA rapidly disappeared, suggesting that a photoactive ternary PORAPchlide-NADPH complex was formed, which, after the reduction of Pchlide to Chlide, became susceptible to proteolytic attack. This interpretation implies that Chlide does not dissociate easily from the imported PORA. If the excess of exogenous ALA-derived Pchlide that is required for the import of pPORA were able to replace the enzymatically produced Chlide, the mature enzyme would not be degraded in the light as rapidly as the naked polypeptide. This was not observed in the ALAfed, illuminated chloroplasts, however. Taken together, this and previously published results (C. Reinbothe et al., 1995; S. Reinbothe et al., 1995b) suggest that once the POR-degrading protease has reached its maximum activity, PORA catalyzes the reduction of Pchlide to Chlide only once and then immediately becomes susceptible to proteolytic degradation. Thus, PORA might be regarded as a "suicidal" enzyme.
This interpretation does not immediately seem to be in line with previous observations on enzyme preparations isolated from etiolated barley seedlings, which repeatedly photoreduced similar amounts of added Pchlide to Chlide (Griffiths, 1978; Apel et al., 1980; Griffiths et al., 1985; Franck and Strzalka, 1992) . After single light flashes, these enzyme samples seemed to be able to preform several times the photoactive enzyme-substrate complex during subsequent 1-to 2-min dark periods. It might be that in the chloroplasts, the rate of reformation of PORA-Pchlide-NADPH complexes in the light is much slower than that of the proteolytic degradation of PORA-Chlide complexes. Only in etioplasts, which lack the POR-degrading protease, could reformation of the ternary PORA-substrate complex then occur.
The Presence and Possible Function of PORB
As shown in our previous studies, a second Pchlide-reducing enzyme, PORB, exists that is likely to drive Chlide synthesis in green plants (Holtorf et al., 1995) . Although PORB also requires light and NADPH for the reduction of Pchlide (Holtorf et al., 1995) , it differs from PORA in several aspects.
The mRNA for PORB is present both in the dark and in the light, and its concentration undergoes a diurnal rhythm that seems to provide a way to adjust the synthesis of the PORB polypeptide to the varying needs of green plants for chlorophyll during the dayhight periods (Holtorf et al., 1995) . In contrast to pPORA, the PORB precursor can be imported into chloroplasts in the absence of detectable amounts of Pchlide. It is not known yet whether the processed PORB enzyme accumulates as a naked, pigment-free polypeptide or binds Pchlide and NADPH within the chloroplasts. The latter possibility seems more likely, because the imported and processed radioactively labeled PORB remained stable in the dark. In the light, the imported enzyme rapidly disappeared, suggesting that the proteolytic breakdown of PORB followed a route similar to that of PORA.
Although the rates of proteolytic degradation of pPORA and pPOR6 were very similar in vitro, the concentrations of the two proteins have been shown to be very distinct in vivo (Holtorf et al., 1995) . Whereas PORA selectively disappears in etiolated seedlings soon after the beginning of illumination, detectable levels of PORB can be maintained in these seedlings and also in plants kept under a diurnal lightldark cycle (Holtorf et al., 1995) . Particularly under the latter conditions, pronounced diurnal fluctuations of PORB protein concentration would be expected to occur, resulting from stabilization of PORBPchlide-NADPH complexes in the dark and destabilization of PORB-Chlide complexes in the light.
Such drastic changes have not been observed in previous experiments (Holtorf et al., 1995) . Oscillations in the leve1 of porS mRNA during a light/dark cycle with a maximum during the day and a minimum during the night appear to counteract the expected drastic changes in PORB protein concentrations. Apparently, enhanced rates of PORB synthesis during the day compensate for the preferential breakdown of the enzyme in the light and thus help to maintain the steady state concentration of PORB. The actual PORB concentration might be modulated further by changes in the activity of the POR-degrading protease. Dueto its ATP requirement and pH optimum (Reinbothe et al., 1995c) , the activity of the POR-degrading protease can be expected to be highest at the beginning of the day, then to decline until late noon and to recover throughout the following night.
METHODS

Plant Growth
Seeds of wild-type barley (Hordeum vulgare cv Carina) were germinated on moist vermiculite either in complete darkness or in continuous white light (30 W/m2, fluorescent bulbs) at 23OC for 5 days. Similarly, seeds of the tigrina 034 mutant of barley cultivar Svalofs Bonus were grown in the light for 5 days but were then either transferred into complete darkness for 14 hr or kept in the light for14 hr. Light-grown wild-type barley plants used as a control in such dark-transfer experiments were treated identically. For illumination experiments, dark-grown wild-type seedlings were exposed to light for the time periods indicated in the text.
Preparation and in Vitro Translation of RNA
The mRNAs for the precursors of NADPH:protochlorophyllide oxidoreductases A and B (PORA and PORB) of barley were synthesized by in vitro transcription (Krieg and Melton, 1984) of the plasmid clones A7 and L2, described by Schulz et al. (1989) and Holtorf et al. (1995) , respectively. For in vitro translation of proteins with 35S-methionine (0.37 MBq per 25 pL assay, 37 TBqhmol; Amersham) in a wheat germ system (Erickson and Blobel, 1983) , suboptimal concentrations of the porA and por6 RNAs were used (Reinbothe et al., 1990) .
Enrichment of the Precursor POR-Pigment Complexes
After terminating the translation of the porA and porB mRNAs by the addition of an excess of L-methionine (8.3 mM final concentration), the formed pPOR polypeptides were incubated with either protochlorophyllide (Pchlide; 15 pM) or Pchlide plus NADPH (0.5 mM) in the dark for 15 min. Control assays contained doubly distilled water instead of Pchlide or Pchlide plus NADPH. Subsequently, the assays were subjected to gel filtration on Sephadex G-25 (Pharmacia Biotechnology) equilibrated in the import buffer (see below), as described previously (Reinbothe et al., 1995a (Reinbothe et al., , 1995b . Part of the incubation mixtures containing the different ternary pPOR-Pchlide-NADPH complexes was exposed to light for 15 min, whereas another part was kept in the dark. The different pPOR-Pchlide, pPOR-Pchlide-NADPH, or pPOR-Chlide complexes were detected by their blue light-induced fluorescence emissions at 628 and 665 nm, respectively, using a Perkin-Elmer fluorescence spectrometer LS50.
Post-translational lmport of in Vitro-Synthesized Precursor Proteins into lsolated Plastids
Etioplasts and chloroplasts were prepared from dark-grown and lightgrown wild-type seedlings, respectively, by Percoll (Pharmacia, Sweden) density gradient centrifugation (Gomez-Silva et al., 1985a) and further purified on Percoll cushions (Grossman et al., 1982) , as described previously (Reinbothe et al., 1990) . Similarly, etiochloroplasts were isolated from dark-grown wild-type seedlings that had been exposed to light for 0.5, 2, and 8 hr, respectively. For the import studies with the in vitro-synthesized precursor proteins (see above), 5 x 107 plastids per 50-pL assay, determined with a hemocytometer, and the import buffer of della-Cioppa et al. (1986) were used. Thus, all assays contained ATP at a final concentration of 5 mM. For the experiment described in Figure 3 , the different plastids were first incubated with 6-aminolevulinic acid (ALA; 0.5 mM final concentration) at 25OC in the dark for 15 minto induce intraplastidic Pchlide formation (Gomez-Silva et al., 1985b) . Protochlorophyllide-free or Pchlide-containing plastids were then added to the different precursor proteins synthesized in vitro. After various incubation times of the plastids at 25OC without or with the exogenously added isolated Pchlide (see text), the assays were diluted with Hepes buffer (50 mM Hepes-KOH, pH 80,330 mM sorbitol, 10 mM S-mercaptoethanol, and 50 pM each of the proteinase inhibitors leupeptin, pepstatin, chymostatin, and antipain) and centrifuged (Reinbothe et al., 1990) .
Proteins contained in the supernatant were precipitated with trichloroacetic acid (5% [wlv] final concentration) and processed for PAGE as described previously (Reinbothe et al., 1990) . Plastids contained in the sediment after centrifugation were either resuspended in the import buffer or repurified on Percoll cushions (see above). Equal numbers of the resuspended plastids were either kept in the dark or exposed to continuous white light for 15 min. After resedimentation, intact plastids were treated with thermolysin (Cline et al., 1984) . Following repurification (see above), equal numbers of the plastids were disruptured by sonication. Plastid proteins were precipitated with trichloroacetic acid from the plastid homogenates, as described previously (Reinbothe et al., 1990) .
Protease Treatment of pPOR-Pigment Complexes
Highly purified plastids were prepared from dark-grown, illuminated, and light-grown barley seedlings, as described above. After resuspension in the lysis buffer (Li et al., 1991) , the plastids were centrifuged at 60,000 rpm (246,0009 at 2OC) in a Spinco L75 centrifuge, rotor Ti 70.1 (Beckman Instruments). Stromal proteins contained in the supernatant fraction after centrifugation were subjected to gel filtration on Sephadex G-25 equilibrated in the buffer of Mcllvaine (1921) , pH 6.5. Proteins eluted in the flowthrough were supplemented with 0.4 mM MgCI2 and 0.2 mM ATP and added to the naked, pigment-free pPORs, the different pPOR-substrate, and pPOR-product complexes described previously. After various time intervals, aliquots of the incubation mixtures were withdrawn and diluted with one-third volume of a solution containing 20% (wh) trichloroacetic acid. After precipitation overnight, the 35S-methionine-labeled pPORs that remained after protease digestion were separated electrophoretically and detected by autoradiography (see below).
Electrophoretic Techniques
35S-methionine-labeled proteins found in the supernatant and sediment fractions, respectively, after centrifugation of the import assays (see above) were run in separate 11 to 20% (w/v) polyacrylamide gradients containing SDS (Laemmli, 1970) and detected by autoradiography.
Miscellaneous
Pchlide was prepared from dark-grown wild-type barley seedlings, as described by Griffiths (1978) .
